The ocean oil spills cause serious damage to the marine ecosystem. Polarimetric Synthetic Aperture Radar (SAR) is an important mean for oil spill detections on sea surface. The major challenge is how to distinguish oil slicks from look-alikes effectively. In this paper, a new parameter called self-similarity parameter, which is sensitive to the scattering mechanism of oil slicks, is introduced to identify oil slicks and reduce false alarm caused by look-alikes. Self-similarity parameter is small in oil slicks region and it is large in sea region or look-alikes region. So, this parameter can be used to detect oil slicks from look-alikes and water. In addition, evaluations and comparisons were conducted with one Radarsat-2 image and two SIR-C images. The experimental results demonstrate the effectiveness of the self-similarity parameter for oil spill detection.
INTRODUCTION
With the development of marine transport and offshore oil industry, oil spill events happened more and more frequently, which caused by pipeline rupture, offshore oil tanker, and drilling platform leakage. Marine oil spill pollution not only causes serious damage to the marine ecological environment, but also brings huge losses to the local economy. Therefore, it is necessary to monitor marine oil spill, and oil spill detection is of great help for the pollution treatment. With the continuous development of technology, remote sensing technology has gradually become one of the most important and effective means of oil spill detection. Among the many remote sensing sensors, SAR has better detection performance because of its strong penetration, active imaging, all-weather and all-time capability (Brekke et al., 2005 , Li et al., 2017 .
On the ocean surface, oil slicks can damp the capillary waves and short gravity waves, which reduce the roughness and dielectric constant of the ocean surface. Therefore, oil spill region will from dark area in SAR image, by identifying the dark areas in SAR image can detect oil spill. However, there are other natural phenomena which cause dark areas in SAR images (Migliaccio et al., 2005) , including natural biological slicks, low-wind areas, rain clouds, etc. These called look-alikes phenomena also form the dark spot area in the SAR image like oil slicks, which increase the difficulty of SAR oil spill detection , Migliaccio et al., 2012 .
Polarimetric SAR extract the scattering behavior of observed target by combine information in the different channels. The polarimetric information is propitious to distinguish between oil slicks and look-alikes (Migliaccio et al., 2012) . There are different physicochemical properties and scattering behavior between oil slicks and look-alikes. In clean ocean and look-alikes, the backscattering mechanism is mainly Bragg scattering, which is influenced by capillary waves and short gravity waves. In oil slicks, the capillary waves and short gravity waves are restrained because of the stickiness of oil slicks. So, the backscattering of oil slicks is mainly non-Bragg scattering, and it is more complex than clean ocean and look-alikes (Nunziata et al., 2011 , Migliaccio et al., 2012 . Based on this theory, there are many studies of oil spill detection based on polarimetric features in recent years, which detect oil slicks by the differences of polarimetric scattering mechanism between oil slicks and non-oil slicks (such as look-alikes and water) , Wang et al., 2010 , Nunziata et al., 2011 , Zhang et al., 2011 , Liu et al., 2011 , Nunziata et al., 2013 , Skrunes et al., 2014 , Migliaccio et al., 2015 .
In order to effectively improve the accuracy of the oil spill detection and reduce the false alarm caused by look-alikes, we introduced the self-similarity parameter to detect oil spills. Selfsimilarity parameter is a special case of similarity, which can describe the randomness of the target scattering mechanism . On the ocean surface, the randomness of oil slicks is higher than water and look-alikes because of its complex nonBragg scattering mechanism (Nunziata et al., 2011 , Migliaccio et al., 2012 . Self-similarity parameter can reflect this difference. Therefore, self-similarity parameter is used to detect oil spills and reduces the false alarm caused by look-alikes in this paper.
METHODOLOGY
The similarity parameter was proposed to measure the similarity between tow scattering matrices by Yang (Yang et al., 2001) , which extract the scattering mechanism of targets by calculating the similarity between targets and the particular target (sphere, diplane reflector, left/right helix, etc.) (Yang et al., 2001 ,Chen et al., 2010 . It has achieved good result that utilized similarity parameter to detect ground target and ship target (Yang et al., 2004) . The self-similarity parameter (rrr s ) is a new parameter defined based on similarity parameter by Li Dong , which is related to its own scattering matrix and not associated with the particular target.
In polarimetric SAR, the scattering matrix S is defined as:
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In single-look data, the similarity parameter r of two matrixes S is defined as (Yang et al., 2001 
where H is conjugate transpose, k is the target vector of the scattering matrix S and defined as:
Where t is transpose. In multi-look data, the similarity parameter rrr of a mixed scatterer T and a canonical mixed scatterer. T c is defined as : In this case, rrr and r are equivalent. The self-similarity parameter can be identified by similarity parameter rrr, the selfsimilarity parameter rrr s of matrix T is defined as :
where c is an arbitrary number, λ 1 , λ 2 , and λ 3 denotes the first eigenvalue, the second eigenvalue, and the third eigenvalue of T, respectively.
When the target is a single scatterer, matrix T has only one nozero eigenvalue, then rrr s reaches the maximum 1. When the target is a fully randomly noisy scatterer, matrix T has three equal eigenvalues, then rrr s reaches the minimum 1/3. For the general mixed scatterer, rrr s resides between 1/3 and 1. Figure. 1. The value distribution of rrr s in the oil slicks, lookalikes, and water.
In the clean water, due to the influence of capillary waves and short gravity waves, the scattering mechanisms are mainly Bragg scattering with low depolarization and low random (Van Zyl, 1989 , Nunziata et al., 2011 , λ 1 is much large than λ 2 and λ 3 , so the value of rrr s is higher. In the look-alikes, the thickness of the slicks is thin, so the damping effect on the Bragg scattering is weak, and it is still in the scatter state of low depolarization and low random (Skrunes et al., 2014) , so the value of the rrr s is still high. In the oil slicks, the damping effect of the oil slicks is very strong, which damps the Bragg scattering leading to a complex non-Bragg scattering mechanism with high depolarization and high random (Minchew et al., 2012) . At this moment, λ 1 is only slightly larger than λ 2 and λ 3 , the value of the rrr s is low. The distributions of rrr s in water region, look-alikes region, and oil slicks region are shown in Fig.1 . There are eleven black points in each column, corresponding to the rrr s value in 0%, 10%, 20%, …, 100% of each region samples, respectively. It is obvious that rrr s value distributions of oil slicks are different from lookalikes and water. Therefore, rrr s can be used to distinguish oil slicks from look-alikes.
EXPERIMENT

Experiment Data
In this paper, two different sensors data are used to verify the proposed method. The first is a RADARSAT2 image. It is a manmade experiment of oil spill by Norwegian Clean Seas Association for Operating Companies (NOFO). There are three different parts in this image, include plant oil, emulsion and crude oil. The experiment released 0.4 m³ Radiagreen ebo plant oil, the plant oil has the similar ambiphilic structure as the surface-active compounds in natural slicks. Therefore, the plant oil is used to simulate the natural monomolecular biogenic slicks. The experiment released about 1 m³ of emulsion on the surface, which consist of Oseberg blend crude oil and IFO380. The crude oil was consisted 30 m³ of evaporated Balder crude oil. These slicks were sprinkled onto sea surface 13h, 29h, and 9h before satellite imaging respectively (Skrunes et al., 2014) . The Pauli RGB image of Radarsat-2 is shown in Fig. 2(a) . The red box represents crude oil region, the yellow box represents Emulsion region, the green box represents plant oil region, and the blue box represents water region.
The second are two SIR-C images, their number are Pr17041 and Pr44327, respectively. It is a man-made experiment of oil spill by Jet Propulsion Laboratory (JPL), National Aeronautics and Space Administration (NASA) . The two SIR-C images only contain one kind of oil slicks. The Pauli RGB image of SIR-C are shown in Fig. 2 (b) and 2(c). The red box represents oil region and the blue box represents water region. The details of the three experiment images are shown in 
Oil Spill Detection Capability Analysis of Polarimetric Features
In order to prove that the self-similarity parameter can detect oil spill effectively, we compared rrr s with five commonly-used well-known polarimetric features in oil spill detection. They are degree of polarimetric (Dop) (Nunziata et al., 2013) , conformity coefficient (μ) (Zhang et al., 2011) , anti-entropy (A 12 ) (Wang et al., 2010) , pedestal height (Ph) (Nunziata et al., 2011) , geometric intensity (V) (Skrunes et al., 2014) , respectively. These features are shown better ability of oil spill detection in the corresponding literature. The expressions for these features, along with their expected behaviour over sea surface with and without oil slicks, are described in According to the samples in Fig. 2(a) , the Probability Density Functions (PDF) of six features in Radarsat-2 image are shown in Figure 3 , which introduces the value distribution of different features in different regions. The more overlap area between two regions means that the weak discriminability of two regions, the less overlap area means the strong discriminability.
It can be seen in Figure 3 that in all the above features, the overlap area between the oil slicks and the water is relatively small, expect for a few overlap areas in Fig 3(a) and Fig 3(b) , they are completely separate in other features, which means that the oil slicks and the water have a good distinction in these polarimetric features. The overlap area between two oil slicks (crude oil and emulsion) is relatively large in each feature, they even overlap directly in Fig 3(e) . It means that the two oil slicks are hard to separate by these features. There is also the large overlap between the oil slicks and the plant oil, the size of overlap area is different in the different polarimetric features. In general, the overlap area of emulsion and plant oil is larger than the overlap area of crude oil and plant oil. From PDFs, it is obvious that there is less overlap areas between the oil slicks and the look-alikes in Fig  3(c) , (d), (e), (f), and more overlap areas in Fig 3(a) , (b), which means that the oil spill detection capability of Ph, V, A 12 , and rrr s is stronger than DoP, and μ. In order to quantitative compare the detection capability of different polarimetric features in water, look-alikes, and oil slicks, the Normalized Distance (ND) was utilized to quantify the oil spill detection capability of polarimetric features .
where, μ i denotes the mean of sample, δ i denotes the standard deviation of sample. Large ND between two regions means that these two regions are hard to distinguish. Otherwise, small ND means that these two regions are hard to distinguish. Table 4 . The NDs between oil slicks and non-slicks of features in Radarsat-2 image. Where C, E, P, and W refer to crude oil, emulsion, plant oil, and water respectively.
The NDs between oil slicks and water of six features in three images are shown in Table 3 . Among them, crude oil and emulsion are counted as oil slicks in Radarsat-2 image. It indicates the ability of these features to distinguish oil slicks from water. The NDs between different oil slicks and non-oil slicks of six features in Radarsat-2 image are shown in Table 4 . It indicates the ability of these features to distinguish oil slicks (crude oil and emulsion) from non-oil slicks (look-alikes and water). Overall, Among the six features, each ND values of rrr s are the largest, it means that rrr s is better at detecting oil slicks than other features.
Oil Spill Detection by Polarimetric Features
These polarimetric features were classified using K-means classification for oil spill detection. Before detection, SAR images were processed with the Lee filter of a 7×7 window for speckle reduction. The accuracy of oil spill detection is evaluation by F 1 Score, which is a measure of accuracy of the classification result (Powers, 2011) .
where DR defined the detection rate of oil slicks, FAR defined the false alarm rate of oil slicks.
The K-means classifications result of polarimetric features in three images are shown in Fig 4, Fig 5, and Fig 6, corresponding Radarsat-2, Pr17041, and Pr44329 image respectively. The F 1 scores of these classification results are shown in Table 5 . Table 5 . The F 1 score of classification using different features within three images.
In Fig. 4 , it is obvious that in plant oil region, misclassified as oil slicks of rrr s is less than other features. In addition, at the interface between the oil slicks (include crude oil and emulsion) and the water, some pixels are classified as plant oil. These misclassified pixels are mainly water, they formed a thinner film at the edge of the oil slicks, and the scattering mechanism of this film is closer to the plant oil. Overall, rrr s distinguishes the oil slicks from look-alikes better than other polarimetric features. In Fig. 5 and Fig. 6 , oil slicks and water have the better distinction in each feature, but the oil spill detection in rrr s is still more complete than other features. The F 1 score shown in Table 5 also proves rrr s is more effective than other polarimetric features in oil spill detection.
CONCLUSION
In this paper, the self-similarity parameter, which is sensitive to the randomness of the target scattering mechanism, is introduced to reflect the scattering mechanism of the oil slicks and to distinguish the oil slicks from the look-alikes. According to the analysis results of PDFs and NDs, the self-similarity parameter of oil spill detection ability is superior to other well-known polarimetric features. In addition, the F 1 score of oil spill detection using self-similarity parameter is higher than other features. Therefore, it is proved that the self-similarity parameters can detect oil slicks effectively.
